Based on the strengths and weaknesses of many current applications, this chapter discusses how to make virtual worlds (VWs) 
Introduction
Virtual worlds technologies underlie more and more of our critical human processes: how we entertain ourselves and socialize ourselves; how we teach and train; how we conduct ourselves in business, how we design and build our systems, how we deliver health care, how we negotiate and mediate with each other, even how we vote and conduct governmental affairs. As Howard Rheingold, an early commentator on virtual communities, wrote: (Rheingold, 1992) All our critical social processes are being altered by technology. Given this growing reality, how do we help technology developers and technology users make wise decisions on how they choose to incorporate technology into their critical human processes? How do we design reasonable systems and reasonable policies for those systems interlaced with new technology? How do we study the impacts of technology on ourselves and on our culture? How do we make both wise cultural and organizational decisions as well as wise technology decisions? How do we build understandable systems that incorporate ourselves as part of the system? The purpose of this chapter is to discuss how virtual worlds (VWs) could serve as a critical strategy for addressing all of these questions above. However, as discussed in the following sections, VWs can only do so by rising above their current engaging, but limited, applications. Current VW applications circumvent some of the limitations of time and space in the physical world, and they provide a forum for real, if limited, social interactions. However, real-world problems require not only real-world data, they require real ways of impacting the world with actions. This means that our challenge, as a research and development community, is to somehow keep the advantages of "virtuality," while intermixing VWs with realistic data, interfaces, and outputs as necessary for different application areas. As we will discuss, much progress has been
Background to Virtual Worlds
Virtual worlds (Landauer & Bellman, 1998c; Bellman, 1999) , although drawing strongly from virtual reality technologies, differ from virtual reality (VR) in three ways. First, unlike most VR environments, virtual worlds are not necessarily homogenous simulation environments; rather they often have a large diversity of heterogeneous resources available through the environment. In some examples, users can access all of their computing resources-models, editors, Web sites, and so forth-from within the virtual world. Second, many of the "utilities" or "services" in the environment are embodied as agents that move and interact within the environment, communicate with users inside and outside the environment, and even modify the environment itself. Hence, in some of the VWs developed under the Department of Defense CAETI program (described in the next section) and in other VW applications (Gordon & Hall, 1998) , agents in the VW serve as tutors, librarians, gossips, spies, playmates, evaluation agents, personal assistants helping students to manage and schedule their learning activities, and several types of guides (some of which specialized the tours of the Virtual worlds rose from three major lines of development and experience: (1) role-playing, multi-user Internet games originally called MUDs (for Multi-User Dungeons and Dragons games (Bartle, 1990) ), and now more recently, "MUVEs" (Multi-User Virtual Environments (Landauer & Bellman, 1996) ); (2) virtual reality environments and advanced distributed simulation, especially those used in military training exercises; and (3) distributed computing environments, including the World Wide Web and the Internet.
Virtual reality and distributed simulations gave us experience with distributed simulation environments, especially for the applications in military training (Macedonia, 2002) . They also provided us with some good examples of multimedia and multi-sensory worlds, with example worlds as diverse as military operations training (see Zyda, 2002 , and for reviews of their leading work for these types of applications, Zyda, 2002a, b, c; Schilling & Zyda, 2002) ; medical training; and NASA, Air Force, and Army flight simulators and tank trainers. Researchers in VR also produced high-end graphical environments and Avatars (for example, "Jack" from the University of Pennsylvania, Lewis Johnson's pedagogical agents, or Perlin's "dancers" (see Landauer & Bellman, 1998c) ). VR research also developed the idea that one could use a spatial metaphor for working even in abstract spaces such as those useful for data analysis. However, because the text-based MUVEs have some very important properties for our discussions in this chapter and often are the least familiar to most readers, we will take a moment to describe them in more depth. enormous amount of data and information if we can place it in a spatial context. MUVEs elicit a surprisingly powerful sense of space using only text. Characters may gather in the same location for conversations and other group activities, where their interactions are not restricted (or interpreted) by the servers, and because the servers do not get in the way, it is as if they have become almost transparent (Gordon & Hall, 1998) .
The sense of "being there" can be quite strong, and in fact, the emotional "reality" of human users comes across surprisingly well, and this in turn greatly enhances the sense of being there, making MUVE experiences very compelling (Schwartz, 1994; Turkle, 1995; Landauer & Polichar, 1998a) . Although MUVEs are VR programs, the human interactions are real; only the physical ones are not (Riner & Clodius, 1995; Clodius, 1995) . One reason for being interested in MUVEs is because there may be hundreds of people in the MUVE at any given time, moving around separately and independently, creating objects in real-time, and interacting with each other. From just the standpoint of social science or cultural studies, MUVEs are clearly an important new phenomenon (Lawley, 1994; Reid, 1994; Rheingold, 1993) . There are now thousands of internationally populated text-based MUVEs, some with as many as 10,000 active players; as we will discuss in a moment, some graphical role-playing VWs now have several million players. These players are not simply visitors as to a Web site, but rather users who spend often several hours a day within that world building up that world.
Because of the large number and diverse types of virtual communities, they have come under increasing study (Hummel & Lechner, 2002; Rheingold, 1993) . Some of these virtual communities have now been in existence as long as 15 years. They have elected town officials in some places; the users walk around their towns, have their own places that they build, and describe themselves as "living" there. They have imbued these virtual places with meaning. They have roles and functions that they play within those communities. As scientists, we want to understand more about why some of these virtual communities flourish over years and why others vanish within a month. Certainly for anyone interested in collaborative technologies and the future of network and Web applications, we need to know what they are doing right that they are able to live, work, and build together in these virtual communities.
There has been a growing interest in trying to understand the phenomena that occur in virtual communities and how they differ or not from physically colocated communities.
Many researchers have started to characterize and study the impact of virtual places on social processes (Gallager, 1993) ; some of the issues raised are discussed further on in the context of the challenges to creating better and better virtual worlds. Ironically, one of the strengths of the early text-based MUDs was that despite their relatively primitive technology, they provided a surprisingly effective basis for realistic social interactions (Rheingold, 1993; Riner & Clodius, 1995; Hughes, Walters, & Kort, 1994) . The ability of humans to take the limited text-based MUDs and the available graphical environments, with their increasingly engaging but limited avatars, and form meaningful human relationships is a credit to human social capabilities. It serves very well in terms of some types of meetings, some types of community building and friendship. However, they are still too limited for real-world applications such as a doctor assessing the qualities of a gait to diagnose a brain tumor, or a psychotherapist gauging the emotion on a patient's face, or even apparently, a potential business partner offering a firm handshake to close a multi-million dollar deal for e-commerce. Much more realistic detail is required in the VWs both for realistic objects and behavior, and for realistic social interactions. Hence, the appropriate detail in the appearance and behavior of avatar movements, objects, and the VW settings is critical to realistic and appropriate responses in such demanding applications as crisis management, health care, psychotherapy, and military operations. However, supporting the social interactions necessary to such applications is as highly demanding: The nuances of facial expression, body language, and tone are critical to communication and critical to the responses of the humans involved in the VW and their ability to carry out 'real work'. Also, we believe that getting the social reality correct is critical not only to being able to conduct more realistic social transactions as needed for real-world capable applications, but also for eventually creating new types of human and group, even inter-cultural collaboration beyond anything we have imagined so far.
One of the most important qualities of MUVEs is that text-based MUVEs allow people the freedom of and richness of word pictures, something that we cannot imitate yet with any graphical environments. Text-based MUVEs have a much richer and more dynamic visual imagery than, say, movies or games, because it is within and customized to each player's imagination. Even with the simplest of construction languages, people experience a deep sense of being present within these virtual environments, partly because they have built those environment descriptions from their own imagination. This sense of real presence and real interactions leads to real emotions and real social interactions, even though they are mediated through text displayed on a computer screen.
Sometimes researchers in VR have assumed naively that the graphical VWs somehow make less use of imagination than a text-based one; this is not supportable from the viewpoint of cognitive science and psychology. The role of interpretation, personal projection, and cognition matter as much in the impact of perceiving and making use of a graphic representation as a text one. Certainly there are differences, and we need deep cognitive studies to characterize the differences not only between text and graphical images, but the increasingly rich world of haptic, auditory, and other new types of interfaces. In all cases, we know very little still about how to somehow separate out the contribution of imagination and personal projection from perception of what has been presented within the VW…or how to make best use of the differences caused by different representations and interfaces on the different types of tasks one wants to accomplish within the virtual world. We will return to this issue in the next section.
Multi-user virtual environments are also great equalizers: All people-not just what we call "technocrats"-can become authors or builders in a short amount of time. It is not the computer technology that makes MUVEs work (although one of the things we seek in our research is to develop better technology for supporting them). It is the writers and artists who create the world and the people who live in it. The MUVEs with better poets seem to last longer than the ones with better computer scientists. In fact, we've seen examples of eight-and nineyear-old children, who were raised in inner cities and were nearly illiterate, become, within a short amount of time, able to build up worlds (Hughes, 1995; Landauer & Bellman, 1998c) . Their teachers, in several different projects, have reported the children's enormous motivation to be part of these environments which had a noticeable impact on their efforts to read and to write well. One little girl reportedly built a 30-room mansion with gardens and pools. Another, an equally shy little boy, showed the author his gardens, where, when you looked at the flowers, they blossomed. This easy entrée to MUVEs extends across not only age, as just discussed, but across disabilities and gender. One of the most articulate people on one of the author's favorite MUVEs is profoundly deaf; he is much more comfortable speaking to people online (and vice versa, other people are more comfortable speaking to him online). Some MUVEs have a near gender balance; one of the largest MUVEs of all has an ongoing culture of role-playing, and actually has a slight majority of female players (Leong, Web site).
Aside from being able to become authors, not just players, of the worlds, another aspect of these environments is that they have very simple client-server architectures, which means that people in these environments who only have teletypes can still participate. Others have speech-generation boxes because they cannot see. Lipner (1999) , who speaks as a computer scientist and a blind user, has pointed out that the text makes it easier for many people with disabilities to use such interaction systems, because much of their current software was developed to handle text only and cannot yet annotate correctly other multimedia. For such users, they are much more blind in a graphically rendered MUVE or a CAVE than in a text-based MUVE. These environments are worldwide. You do not need sophisticated equipment or programming experience to become a player or participant. This low cost of entry to MUVEs has made these environments popular with a wide range of non-technical people. Many other researchers in both VW technology and other types of collaborative environments have been working on how to maintain a low cost of entry for participants, mostly through the development of tools that can be widely and inexpensively used. See There (www.there.com) for an example in the area of massive games, Eikemeier and Lechner (2003) from Bremen, Germany, with their iK now tool based on Peer-to-Peer software for an example geared towards commerce, and Das et al. (1997) , based in Singapore, for an example geared towards both entertainment and education with HistoryCity based on NetEffect (1997). Different kinds of MUVEs use different construction languages. Usually, the variant of the word MUVE reflects the choice of language available. These different languages allow different classes of behaviors to be specified for the objects created by the users. Some of these objects can be created and used in real-time. Pedagogically, this can be very powerful. At one meeting of mathematicians on a MUVE, some colleagues were joking with the author about an "infinitely parallel quantum computer." While the others joked, the author quickly created an object labeled thus with a few simple attributes, and threw it across the room to one of the others. Although this was done as a joke, think about the ability to make-even at a primitive level-a new idea active and visible, something that others can pick up, modify, duplicate, and walk out of the room with. One of the colleagues present that day still has the "quantum machine" (in his virtual pocket naturally).
Another important quality about these environments is that every object is a state machine. Therefore, the objects that you are holding in your hand, the rooms you have walked through, the things you've accomplished in that environment, can all contribute to determining what you see, what objects do to you as you walk through this environment, and sometimes even where you go when you walk through a door or perform some action. These properties allow authors to set up "quests" or interactive stories that have game or logical features that must be accomplished to succeed. They are also easy ways of structuring learning material. One of our colleagues, a good amateur Egyptologist, set up a quest that requires one to learn some middle Egyptian, both vocabulary and grammar rules. If you do not tell the boatman to take you across the river in proper Egyptian, you cannot cross, nor can you talk to the idols that give you other clues for finding the treasure and solving the puzzles. This particular quest is implemented in a virtual world that uses one of the simplest of MUD servers of all, a TinyMUD. For our purposes here, these properties also allow one to set up rules that define an initial "ecology" or "physics" for each room. Although not as sophisticated as the modeling provided in other virtual worlds, even the simple TinyMUD can help one to start describing the contexts for and the constraints on the interactions between avatars, agents, and objects.
Finally, the simple client-server architecture means that computer programs called "robots" can also be users, coming into the environment with the same interaction mechanisms that a human uses. They use the same commands that a human uses to move around the environment or construct new objects (see Foner, 1997; Johnson, 1999) . Foner (1997) was one of the first to discuss such robots-Julia, a TinyMUD robot of the Maas-Neotek family-and to emphasize the "sociology of such agents" and why it was important to consider sociology for agent-oriented programming. In our experience, we could not tell one player was a robot until it was in a group situation, where its responses became less coherent, because its underlying pattern matcher could not keep track of multiple parallel threads of conversation. These robots give us many interesting ideas about the kinds of intelligent support that agents could do for people within virtual environments. At present, there are prototype robots that take notes for people; tell them stories about the area, room, objects, and people in the MUVE; and play games with them. They can follow people around, help them find things, and do errands for them. They can tutor them, help them find digital material, and give them tailored presentations on the computer programs or other objects available in the virtual world. Lastly, some robots helped us to monitor and evaluate the behavior of others in the MUVE (Bellman, 1997) . In the Computer-Aided Education and Training Initiative (CAETI) project, a large educational technology research program sponsored by the author at the U.S.'s Defense Advanced Research Projects Agency (DARPA) from 1994 through 1998, these robots were also used for computer-based tutors and other evaluation agents (see Johnson, 1999 , for an example). In the DARPA CAETI program, we added to the basic MUVE capabilities in several ways: we developed more advanced MUVE architectures, especially ones with the ability to keep a text, 2D, and 3D version of the world in sync. This was important especially because it always allowed users several ways of sharing in the world, even if at times in a limited way. The advanced architectures also allowed us to distribute the functionality underlying these worlds in more powerful ways. A good example of this was the better-distributed database management. We also made it possible to have many more types of heterogeneous tools available from within the environment. Some of these tools were new types of embodied intelligent utilities and agents that helped individual users (librarians, guides, and tutors) or conducted support activities across the world (evaluation agents). Some of these new tools also helped tailor resources to an individual user (Bellman, 2001) . The key integration issues addressed in CAETI were the integration of heterogeneous resources (Bellman, 1994) , interoperability of virtual objects among different worlds, and distribution of VW servers and databases (Rowley, 1997) .
Since CAETI, there has been useful exploration and development in scaling VWs, experimenting with the underlying software and hardware architectures and networking strategies for distributing VWs and agent capabilities (Mamei, Zambonelli, & Leonardi, 2003; Cabri, Leonardi, & Zambonelli, 2000; Welch & Purtillo, 1997) , and exploring interoperability strategies (Soto & Allongue, 1997 , Greenhalgh & Benford, 1997 . Some of the integration issues are explored in depth in this volume and are crucial to the development of future robust VWs. However in other sections of this paper, we will be describing some needs and strategies for intersecting the necessary integration and scaling advancements in the underlying software, hardware, and network architectures with the integration and scaling that must be accomplished at what we are calling here the necessary 'psychological scalability'. VWs have many levels that must be integrated and scaled up: the means by which information and diverse processes are brought into the VW, the means by which information and action is understood inside the VW (e.g., the needed traceability, analysis, and evaluation capabilities), and then again the integration that allows the real result to be effected from inside the VW. This has always been the challenge for virtual worlds. They depend not only on computer science and engineering, but increasingly on sensors and physiology for new interfaces, on cognitive science and social science, on mathematics and modeling essential for reasoning about the systems and evaluating the actions within the VW. In other words, to scale to real-world-capable VWs, we must open up and integrate with the real world. We must open up VWs and break with closed-system programming paradigm so common in computer science and move to open systems that bustle with diverse people, processes, sensors, and effectors.
One way to distinguish the different types of scaling issues is to compare the advances in the online multi-player games to the earlier text-based MUDs. Clearly, the graphical environments associated with online games have surpassed the number of people in text-based VWs, and with that triumph has come many new developments in building an infrastructure that can support the sheer numbers of players. Herz in her seminal work (1997) cites games with millions of active players (although subdivided in duplicate servers). For example, she reported that the Lineage online game has three million players in Korea (out of a population of roughly 48 million), with even college scholarships offered for outstanding players (Herz, 1997) . Everquest now supports a real-world economy on eBay selling objects acquired from playing for a worldwide group of players numbering in the millions. Guilds within Everquest often have 5,000 participants, with leaders, governing boards, and so forth.
Furthermore, little by little the graphical environments are catching up with the text-based MUVEs in their social richness, their sense of commitment and social communities, even the ability of a user to author or build meaningfully within the worlds (see the Second Life Web site at secondlife.com and There at www.there.com). We need research on how these new games compare to different kinds of MUVEs-not only because of the differences in size, but because of the different goals for participating in that community and the structure of participation. We have much to learn from all the forms of virtual worlds: from text, graphical VWs and caves; from forms where the behavior of participants is highly scripted and limited (many games, many training uses of VWs), to the open and creative MUVEs composed of thousands of users. But we will learn different things. In highly scripted games we can experiment on the choices, reactions, and learning of populations within pre-determined scripts or scenarios; in the non-games open VWs, we can learn more about the perceptions, potential behaviors, attitudes of populations in general (and in such a way as to inform our future scenarios). Part of this difference is very much the difference between psychological approaches to experiments, with its emphasis on carefully controlled settings and alternatives in order to narrow down contributing factors, and ethological approaches to experiments, with its emphasis on observation of minimally constrained individuals within their natural habitat. Both are important and potentially complementary approaches. (For a stimulating review, see the special issue of the Scandanavian Journal of Information Sciences on the intersection of Ethnography and Intervention, 2002.) It is apparent that we still need much more development in traditional computer science, software engineering, and networking to meet the challenges of scaling up to the sheer numbers: the millions of users on diverse platforms distributed over thousands of servers with eventually billions of objects. Especially, we will need much more work on integrating the new types of data and interfaces necessary to the mobile, sensor-rich, real-world applications. Nonetheless, we believe that eventually these environments will not be limited by the availability of the environments or on the growing databases, but rather on the ability of the future online analytic capabilities. That is, what is not currently available is the "psychological scalability"-the analytic capabilities and other supporting capabilities-that would make sense of and ensure the use of the rapidly growing populations of users, databases, and tools based on massive VW games for realworld functions.
Moving Out from Games to Real-World Applications
VWs have moved out of being just game environments into many other application areas. Just in the last few decades, they have moved out of the "game" arena into educational and corporate environments for distance learning, collaborative learning, literacy support (at all grade levels, including adult), corporate meeting support, professional organizations, and even technical conferences (Bellman, 1994 (Bellman, , 1997 Landauer & Bellman, 1996 , 1998a Polichar, 1996 Polichar, , 1997 . For example, one of the early uses of MUVEs were as meeting places for small scientific groups. Pavel Curtis helped create two of the first projects (at Xerox PARC) using MUVEs for scientific computing (Curtis, 1992; Curtis & Nichols 1994) : Astro-VR was geared towards the professional astronomy community, and Jupiter was targeted for use by researchers within Xerox. In these projects, Curtis and others attempted to keep the powerful world metaphor while adding audio, video, and interactive windows.
Some of the work that is relevant to eventually using virtual worlds for ecommerce relies heavily on current work on agents, because whether the user is inside a virtual world or allowing an agent to buy for them, there are similar issues of "providing support, trust, and legitimacy" in both cases. A good example of recent work occurred at the University of Linz, where Gabriele Kotsis and her group examined some of the issues in electronic commerce. They describe two approaches for designing and modeling multi-agent systems as they act on behalf of human organizations. Although computers have played the roles of patients for psychiatric training before, virtual worlds provide the opportunity to place the patient in a vivid context. Hence Thalmann cites some earlier work in the use of virtual reality and virtual humans in psychotherapies, "Using this new technique, it will be possible to recreate situations in a virtual world, immersing the real patient into virtual scenes. For example, it will be possible to re-unite the patient with a deceased parent, or to simulate the patient as a child allowing him or her to re-live situations with familiar surroundings and people" (p. 5). Thalmann and Thalmann emphasize that the applications here are not just for the training and education of both medical practitioners and patients, but rather provide opportunities for continual active analysis on the part of the medical practitioner of the current patient, the impact of interventions, and lead to new understanding on the part of the medical personnel. Also, it has been emphasized by many that such devices as optical see-through displays (Feiner, 2002; Milgram et al., 1995; Drascic & Milgram, 1996; Azuma, 1997) There are now numerous conferences and Web sites describing the explosion of applications being developed. One Web site runs a monthly report for an organization called Virtual Medical Worlds to keep the virtual medical community informed. Part of the goal of Veersweyveld (1997) and many U.S. and European researchers is to improve the overall level of medical practice, for example, "there is the newly emerging structure of the medical world consisting of specialized clinics, general hospitals, and local doctors which can collaborate and facilitate a uniform level of medical practice." This dream is that all doctors, no matter how familiar with a particular procedure or with a particular condition, will be able to administer the best possible health care because of the availability of databases, VR support (showing the inside of the human, allowing one to rehearse a procedure on the real patient being able to follow the best path computer for one, etc.).
But it is not just to raise the standard of practice for doctors and medical staff. It is also to allow a new level of medical knowledge available to patients and to everyday people who could better help in an emergency. Hence, Silverman et al. (2002) describe a computer-based training game called "Heart-sense" to help individuals improve their recognition of heart attack symptoms and therefore hopefully seek help earlier and thereby reduce myocardial infarction mortality. As we will discuss, the challenges of serving applications that need to have high fidelity, validation, traceability, and performance lead to formidable challenges for the current technologies. Before we tackle these challenges, it is worthwhile to consider the lessons learned from one of the earliest uses of VWs for realworld applications-education and training.
Summary and Critique of Educational Applications
There has been a great deal of research on the use of technology for education (Soloway, 1993; Forbus & Feltovich, 2001; Psotka, Massey, & Mutter, 1998) ; the purpose here is to simply highlight some of the work on education in virtual worlds in order to illustrate where virtual worlds must develop. The educational tools community has always been interested in collaborative technology. As Wolfgang Gerteis and Joachim Schaper state in a paper addressing issues in elearning, it is the "powerful combination of instructional design and collaborative elements [that] offers new capabilities to build the bases for new content and services" (Gerteis & Schaper, 2003) . Most of the initial VW educational applications were geared towards older elementary through high school students and revolve around two uses: enhancing literacy skills (Viau, 1998a (Viau, , 1998b (Viau, , 1998c (Viau, , 1998d and analytic skills through simulation in the same environment (Viau, 1998a; O'Day et al., 1998 ; see also Spohrer, EOE Web site). An early example of educational MUDs was SolSys, the Solar System Simulation, which originated at CONTACT VI in 1987 and was further developed as an intercollegiate curriculum by Reed Riner (Riner & Clodius, 1995) at Northern Arizona University as an honors course in Anthropology and Engineering. Since 1990, it has included student teams from many colleges and universities around the globe.
Solsys allows students in teams to build their own colonies in a simulated future human community in space. Teams communicate via Web sites, Internet e-mail, and a Multiple User Domain (a TinyMUD), under the direction of local faculty advisors and a board of professional consultants in varying fields ranging from the social to space sciences. By building the colonies in VWs, the students not only must draw on all disciplines of knowledge, but also demonstrate this knowledge to teachers and other visitors to their sites. There the visitors can chat with the creators about the social, biological, artistic, and physical ideas represented in the VW, tour their cities, and even "talk to Martians" (Solsys Web site).
Barry Kort was another pioneer in the early use of MUVEs for education (Hughes, Walters, & Kort, 1994 There are a large number of educational MUVEs with wide-ranging topics (see TECFA Web site for a good starting point).
During 1993-1997, the author made the development of VW educational and training applications one of the major thrusts for the very large government program, DARPA Computer-Aided Education and Training Initiative (CAETI), which involved more than 300 U.S. private companies, universities, and research institutes. Some of the educational tools developed under CAETI (Bellman, 2001 ) that were of special interest to virtual worlds were new types of embodied intelligent utilities and agents that helped individual users (librarians, guides, and tutors) or conducted support activities across the world (evaluation agents).
Some of these new tools also helped tailor resources to an individual user. Saraswat (who contributed to CAETI while at Xerox PARC) points out a number of educationally interesting MUVEs and features of them. One of the author's dreams for CAETI was that eventually learners will have wonderfully rich places where they can have both the known advantages of one-on-one tutoring (see also Bellman, 2001) , via intelligent companion tutors, and the benefits of the collaborative and social interactions within these places. In order to realize this dream, we would have to develop tutors who could "co-experience" (Bellman, 1994 ) the VW with the learner, and dynamically adjust its pedagogy and content to adjust to these experiences. This would mean that the tutor, rather than being an oracle with all knowledge built in beforehand, would instead have to have the sophisticated capability of knowing enough about its type of knowledge and pedagogy so as to recognize new instances of it or to generalize it to the circumstances at hand. It would also have to be able to integrate such experience into its stores of pedagogical examples, content matter, and so forth.
Although project-based and collaborative technologies were of deep interest to the teachers in the CAETI K-12 testbeds, there was little curriculum material developed to support it. Hence most of the educational MUVEs were used to support literary skills. The original virtual world applications' focus on literacy and programming skills remain the most enduring ones and are still active today. For a good example of this, see Viau's "world building" courses (Viau, 1998a (Viau, , 1998b (Viau, , 1998c (Viau, , 1998d (Viau, , 1996 Because building (which in the early VWs includes both authoring and programming skills) can provide such a powerful incentive for children to participate in constructivist, participatory, and collaborative educational strategies, it remains an excellent focus for educational applications. However, hopefully with the development of more and more environments with significant simulation capabilities, VW educational applications will continue to broaden and VWs will become a learning space where children can not only show their understanding in the descriptions of the worlds they create, but also in the behaviors that occur within those worlds. Many of the CAETI VW projects were geared towards enhancing VWs in that fashion.
Some of the projects for collaborative "learning spaces" included a team (Intermetrics, Yale, University of Illinois at Chicago) developing a multimedia math/science world called "Wyndhaven." Another team (Xerox PARC, Phoenix College) created several impressive virtual communities (including ones that combined school children with senior citizens) and focused on inserting into these environments better simulation, construction, experimentation, and reflection capabilities for the learners. For example, in one of Xerox PARC's projects, In their paper, they further discussed "the relation between MOO affordances and design choices and provide examples of successful and unsuccessful alignment between them." Particularly important has been Xerox PARC's emphasis on the role of self-reflection in a constructionist environment, for example, it is not enough to get a child to do something; to learn best they need to reflect on what they have understood.
The SUMMIT program at Stanford (headed by Parvati Dev) created a number of distributed multimedia MUVEs geared towards both medical education and support groups related to health. SUMMIT also had methods for authoring multimedia content that passed one of the more difficult tests, for example, the doctors actually used them to create materials for their courses. The ExploreNet project (University of Central Florida) used older children to help create the educational worlds for younger children, thereby benefiting both age groups. Their projects emphasized both social science and literary curricula. GMU taught programming courses in a C++ MUVE. The SAIC corporation and University of California, San Diego worked on developing intelligent agents for virtual worlds, including a "librarian" that interacts with students to help them find information. During the course of the program, gradually more and more tutors and agents were introduced into the MUVEs, one of the successful examples of cross-program integration among CAETI projects (Suthers, 1998) .
In CAETI, a number of educational simulations were developed, although many of them were not yet available within the VWs. These efforts are particularly important in deepening the level of content in educational technology in general and in VWs specifically. Examples include GMU and Shodor that provided several impressive simulations on a number of topics, including galaxy formation and the mathematics of fractals, AMPHION, developed by the University of Wyoming and NASA-Ames to visualize space objects for collaborative use, and "Function Machines," a graphic programming language for math/science by BBN. Similarly, several of the projects developed impressive multimedia content with associated analysis tools. A good example of this is the Intelligent Multimedia/Thinking Skills project (GMU) that built instructional modules for social studies, with an online coach/tutor and tools that support higher-order thinking skills and excellent source materials for a module on slavery in the U.S. Other collaborative projects deserve, like all these projects, a chapter in themselves. Hands on Universe (Lawrence Berkeley Laboratories) in collaboration with the Lawrence Hall of Science, TERC Inc., Adler Planetarium, and Yerkes Observatory, as well as an international network of educators and astronomers, allowed high school students to conduct real science in an apprentice role and to direct the use of large telescopes accessed over the Internet. Other projects, such as UNC's collaborative Web applications, and Guzdial and Kolodner's important work at Georgia Tech on learning through design and complex problem solving, were developing both fundamental new methods (including formal mathematical methods) for supporting collaboration and new theory for understanding the collaboration of small groups of learners (Bellman, 2001 ).
Strengths and Weaknesses of Educational VWs
We can summarize the advantages of VWs for education as follows: First and foremost a VW can be an excellent constructivist learning environment (Papert, 1980) . Part of what makes the MUVE better than other constructivist environments is that we potentially have better control over the learning context (how it is situated), we can observe and record all behavior for further analysis by the teacher and by the student on all constructions and learning exercises. We can add community as Bruckman emphasizes with MOOSE Crossing, have persistent learning environments available to the student over years, and provide not only peers and interested adults, but also distant experts.
Second a VW can support collaborative learning and project-based paradigms, including ones that persist over years intermingling older and younger students, and bringing in community and professional participants. Further one can study team building for children and adults. For example, at the Franklin Institute (Testani, Wagner, & Wehden, 1999) , a VW was developed and tested to provide training in team building for small businesses in the wider Pennsylvanian area. Team training and collaborative skills have been increasingly asked for and emphasized by businesses and professional groups as necessary in the modern work world where complex projects demand collaboration across groups, companies and countries, and cultures. Lastly, one can potentially be in an educational environment with an unlimited ability to expand in knowledge-both in range, amount of content, and depth of content. Unlike a textbook, a VW has no limit to its expansion. Not only can formally validated course content be presented, but also peers and professionals can contribute informally and formally to the knowledge available in the environment. With the Web and mobile agents, it is easy to envision how VWs in the future will dynamically create rooms and objects based on source information found on the Web and other networked resources. As noted above, these worlds would also be enriched with tutors who co-experience the world with a learner and help them reason about and reflect on the content they are exposed to.
As exciting as this potential for VWs is, the reality of the current applications show how far we need to go. The depth of content and pedagogy remains largely shallow and spottily available within a given class curriculum. This results in a lack of integration into the curriculum over the school year, much less through the student's educational years. This means that although one may have excitingly suggestive applications that demonstrate some of the potential for educational VWs, one will not see as good or lasting educational benefits. One of the reasons that the VWs are so limited within the curriculum is partly the lack of authoring tools allowing content to be developed more quickly-by experts and teachers and most importantly by students. Another reason is that there is too little integration between the VWs and real-world devices, such as sensors in chemical lab beakers and monitors on physical devices in a physics lab. Nor is the virtual world integrated into the real-life classroom; it tends to be an after school or separate student activity. This is partly due to the lack of computers, but it also mirrors all the challenges we discuss in the next section for bridging the gap between virtual worlds and real worlds. Again, there are several good examples of computer-based support integrated with experimental apparatus and real classroom practice, but it is largely spottily available when available at all.
It therefore is no surprise that the psychological integration of the user's actions and experiences in the real world and the virtual world is poor. Basically it is up to the learner, with support from mentors, teachers, and peers, to make the most of the VW and deal with their real world at the same time. Part of the problem is the lack of task analysis and clear functional definitions for the educational VWs. We need to understand the educational goals of a VW when we design it or when we bring it into the classroom. Lastly it is difficult to generate the educational material for VWs. It is difficult to design and author the scenarios that guide or constrain a learner in the VW, and to generate and to parameterize qualitative aspects of both the scenarios and the environments. Along with this, we need much better authoring capabilities for non-text environments and for new multi-sensory interfaces and systems. Again there is a lack of scientific research that would help inform what educational goals should be accomplished with what types of visual, haptic, or auditory interfaces. Also, we have experience and intuition, but not theory to inform how we distribute learning capabilities and information in the VWs. This is a continuing issue for all educational technologies, first pondered and addressed in intelligent tutors work. We have learned how to write a book and organize the materials for a text, but what are the best ways of organizing materials in an interactive system? This is a question of pedagogy and epistemology as well as computer science.
To make the above weaknesses of current systems clear, let us look at some of the lessons learned from the constructivist applications in educational VWs, partly because some of these educational applications have had some evaluation studies.
The creative building permitted in text-based MUVEs comes to the fore educationally, feeding very much into participatory and constructive educational paradigms. Clearly there will always be students who rise above any impediments to intellectual development, nonetheless it is clear that the individual differences must be understood and addressed. Hence in MOOSE experiments, some of the community learned a great deal in programming skills and some not (Bruckman, 2003) . The same sentiment has been learned in Pueblo and indeed every VW application as well as every classroom. So the reader might ask why we are holding the VW to a higher standard than the average classroom. The answer is simply that we know what the problems (if not the solutions) are in real classrooms and we do not know the implications in VWs.
Virtual worlds take advantage of human minds, and hence there are individual differences and differences within an individual depending on their mood, motivation, and so forth. Hence, Bruckman (2002) discusses AquaMOOSE 3D, a graphical environment designed to support the exploration of 3D mathematical concepts. In a classroom comparison study, they were disappointed with the results between the use of AquaMOOSE and traditional curriculum: (Ragaini, 2000) . A research prototype made by a few graduate and undergraduate students and one faculty member clearly cannot compete."
As can be seen from both of these articles, how to evaluate value is key problem for educational applications and indeed for all application areas. The difference is that in entertainment one can ask the user, "Did you enjoy this?" or watch them vote with their feet, but in education, one needs to have the goals for using the VW match their desired real-life behavior. In medicine and other applications, it just gets increasingly serious.
All of these are general challenges not just for the educational use of VWs but for all 'real' applications.
Challenges of "Getting Real" in Virtual Worlds
The reason for this chapter is not to describe the challenges of producing believable, attractive, and desirable social or gaming virtual worlds, although some of the comments will impact such current and much emphasized uses of VWs. There is a lot of active and good work describing how to do both state of the practice and state of the art in VWs (see Vince & Earnshaw, 1998; www.there.com) for the purposes of social worlds and role-playing games. For example, Vince and Earnshaw (1998) offer a number of useful chapters describing how the current technology is being used (on the use of VRML or ATM networks for example), with other chapters describing research in such areas as virtual reality interfaces. Similarly, Bartle (2003) , one of the early developers of MUDs, describes the design concepts behind a wide range of games from the earliest MUDs to the current online multimedia role-playing games. But again this comprehensive book is geared towards those interested in designing games.
Many have noted in the research and development community that creating realworld applications in a virtual world is a matter of having sufficient detail. If there was a VW of sufficient richness, then one could truly use it as an exploratory scientific tool for many things:
1. Disease interventions and crisis interventions 2. Discovery and understanding 3. Analysis and engineering (building bridges, building new drugs)
Inventions (social and physical)
The hard question is what detail is needed and how to get the detail into the VW. The answer to this hard question is answered differently depending on whether one emphasizes the VW as a set of models, as a set of interfaces between the human being and various data sources, or as a set of human and machine processing capabilities and effectors. At first details may sound as if the problem is data, but it is not. Rather, it is data and process and an analyzable setting that allows critical events to be validated. It is also detail at all levels of a VW object, actions that characters can do, and the settings or contexts within which these objects and actions occur.
VWs as Models
VWs are in many ways models; they have representations for the human user and other agents. They have both static to dynamical models of the environment or the setting, they have both static and dynamical representations of any resources or objects in the world, and to add to complexity they can contain objects that are meant to be classical models or simulations of something in the world (such as players playing a hockey match or a tank firing and so forth). Darema (2002) calls them dynamical data-driven models because they have humans and potentially other ways of incorporating live data feeds that constantly change the "models" in the VW. Some of the greatest challenges to becoming real-world-capable VWs are to, on one hand, gracefully integrate the 'live' and modeled parts of a virtual world and, on the other hand, carefully distinguish-monitor, trace, and analyze the impacts-from what is 'real' input or behavior and what is from models (and therefore dependent upon modeling assumptions). For example, a surgeon who is about to cut into a patient in the manner suggested by a projected three-dimensional rendering of the tumor is very cognizant of the differences between the modeled tumor and the live patient beneath her knife. In the best case the augmented reality system will support careful analysis of the continual correctness of the projected image and tumor model based on the feedback occurring during the surgery.
VWs are like models: if they're good enough they can serve many purposes. When many people discuss scaling up VWs to real-world applications, they are often considering the issue in terms of how realistic the virtual world models are. For example, in a training exercise, it may be a matter of the realism of the terrain model (Darken & Goerger, 1999) . In many gaming environments, it is the realism of the textures in the world or in the fabric available to avatars' costumes or in the bouncing of one object against another.
However, it soon becomes apparent that there are almost an infinite number of details that can be included in a virtual world. This then requires not only modeling skill, but modeling wisdom; it also requires new ways of integrating models since there will be many, many models governing different objects, and their interactions and their contexts or settings. It also has motivated many to move away from just modeling to a combination of modeling and live data cannily projected into the world. For example, many virtual museums no longer try to build models of their layouts and objects; instead they use static pictures taken from many angles, pasted into the virtual world and shown to the user based on where their avatar is located in the VW.
VWs as a Set of Human and Computational Processes
There is an intimate relationship between the computational capabilities available inside the VW and VW models, but it is worth bringing out some of issues separately. The most formidable types of models needed in a VW are not the ones used to give a realistic appearance to an object, but rather have the correct dynamics and behavior from that object. This can lead to a combinatorial nightmare of potential modeling interactions and side effects. Therefore, unless we are trapped and limited into analyzing ahead of time every detail's relationship with all other details, we need much more profound "meta-models" that can handle relationships among other models. Lastly, to handle the building of VWs, this modeling cannot be done all at once. Hence the emphasis here is on traceability and analysis to support an incremental process.
As in all models, some factors, features, and attributes will be as realistic as possible, and others need only be dummy variables or placeholders. If VW models never got beyond entertainment and some teaching and training apps, that would be a valuable contribution enough. However, there are some very good reasons for desiring more from VWs; the complexity of our modern era requires integration places. We need places that are infused with analysis capabilities. Due to the complexity they also need to be incrementally done and hence deeply traceable. They must have explicit criteria for desired realism or behavior and not just appearance of correctness.
That is, not just art, but rendering in the sense of the scientific side of art and craft. Pictures (museum sites) only make realism in appearance and not in behavior. To get realism in behavior, we need three things: more realistic input (such as data-driven systems), more realistic models or better models for a given function, and more realistic ways of driving output (not just text or pictures to a user, but for example instruments on a screen). A VW must eventually be alive with processes that go on regardless (Simcity like) and have dynamics, not just responsive actions.
But processes are not just within models (such as simulations); rather they are part of the challenge and the means of integrating the VW with the real world, and as such they must be able to cross from real world into VW as processable data streams and information flows, and from VWs to real world as electrical signals that cause automated devices to move, focus, release chemicals, and many other such actions. For example, how is the real live video on a fireman's hat to be fed into the virtual world that is being used to monitor and control the force's reaction to a fire? Or taking this same analogy, how does the VW's internal simulation of the fire and wind conditions result in changes in how the sensors are focused or water is being dropped from UAVs?
VWs as Interfaces
However VWs are not just the models underlying the world, they are also the means by which humans and other active processes interface with any of the content or capabilities of the virtual world. Especially now VWs are no longer just inside a box-they can include interfaces that run robots and factory floors, respond to events within a smart room, or provide live data projected into the behavior of virtual objects. Hence in the rest of this section, we will be discussing several examples of research that emphasizes new interfaces-both enriching the VW by the input into the world and the outputs from the world. To get real requires not only content inside, but also the ability to interface with the real world.
Real-World-Capable Challenges
Much of what we are going to discuss here are ways of filling the virtual worldbut it is not enough to say it needs real content and sources of content. Rather it must be content placed in the virtual world in such a way that one can analyze it, track its usage, and experiment with it. This latter property will change virtual worlds from massive games with billions of homemade objects (even bought and sold) by users to a sufficiently realistic environment for medicine and other highfidelity uses.
Based on the discussion so far, we can now summarize the three major challenges to real-world-capable VWs as realism, scalability, and analyzability at all levels of the VW-from the management of the network byte streams and sensors and effectors, to the processing capabilities and models inside the VW, to the impact on the psychology and culture of the human users. Virtual World users similarly demand increasing realism.
Realism
Howard Rheingold (1992) credits Sara Kiesler (1986) with noting "…that the word 'phony' is an artifact of the early years of the telephone, when media-naive people were conned by slick talkers in ways that wouldn't deceive an eight-year old with a cellular phone today."
As Mike Macedonia points out, one of the drivers for realism in virtual worlds has always been military training and planning needs (2002) . He also points out that VWs are just a continuation in a long tradition of innovations starting "in 1887, when McCarthy Little, a military strategist at the Naval War College in Newport, R.I. devised a war game using miniature battleships on maps. Around the same time, the German Army developed the board game Kriegspiel. Such games soon spread to all the world's major armies and became critical in military education and planning. Greater realism came later. Virtual flight was the brainchild of Edwin A. Link, who in 1929 invented the Blue Box, an instrumented cockpit simulator that used pneumatic pumps to recreate an aircraft's motion" (p. 36). He goes on to discuss the sophistication of course added by computers: "By the 1980's Link's idea had been wholly transformed into digital flight simulators complete with 3D graphics to convincingly reproduce scenery, highresolution displays, and moving platforms with 6 degrees of freedom." These military environments were early innovators in how to bring in realistic details. For example, Paul Debevec in the 1990s at UCB helped develop image-based rendering, which generates images directly from photos rather than building them graphically. Others worked diligently on how to bring in sound, vibration, motion, and so forth (Macedonia, 2002) . There has been a growing amount of work now on how to have avatars display more realistic movements and expressions, including emotion (Trappl, Petta, & Payr, 2003; Perlin, 1995; Perlin & Goldberg, 1999; Johnson, 1999) . However, in the author's experience in observing both flight simulators and tank simulators, it is interesting to note that as much as the sophistication of the interfaces has increased, there are still formidable challenges in providing the type of role that the human trainer plays in these simulators. For example, in the author's observation of the old flight simulators used for Naval fliers in Beeville, Texas, it was fascinating to interview the human trainer as he presented the student inside the cockpit trainer with poor weather conditions or malfunctioning components. He was as busy as the student. When the author asked one such trainer questions on why he presented turbulence at one point, he replied that the student was doing so well, it was time to stress him a little. Intuitively and carefully, the skilled trainers made the complex technology an educationally meaningful experience for the student. Unfortunately, this required a single trainer working in a very expensive simulator on the experience of one student. The question before us is how to somehow make computational and scale up this type of quality training and attention for numerous studentsfor even a battlefield of such students (Macedonia, 2002; Wallace & Sollenberger, 2001 ).
Mixed Reality: Telerobotics and Augmented Reality
From the earliest examples of controlling a coffeepot through a networked computer, it has been clear that the issue of VWs is not just a matter of how to get information into the VW, but also how to get real effects out of the VW into the real world. Paul Milgram's group in Canada has been doing leading work for many years in the area of augmented reality both from the perceptual issues to the control of effectors in telerobotics (Milgram et al., 1995) . "The fields of artificial reality and conventional telerobotics share many common technological challenges." In their paper, they discuss "the concept of applying techniques of virtual environment simulation to address some of the challenges of remote manipulation of teleoperated systems in unstructured environments, with a focus on remote excavation."
Not Just Inside a Box
To do real work is going to require the ability of the virtual world not to be thought of as just in a box, but rather as something that accompanies one into the surgical ward (Parvati Dev, private communication), the classroom, and everywhere else.
It is important to not only think of virtual worlds as inside boxes, but rather as encompassing any highly computationally underwritten environment, for example, caves, to highly connected people in partly RL/VL spaces.
There are many recent experiments on how to incorporate mobile devices into e-learning (Berger, Rainer, Holger, & Klaus, 2003) . In the Berger work, the tool "is embedded in an e-learning and m-learning environment at the University of Regensburg, which allows its functions to be accessed not only from a Web browser, but also from a personal digital assistant (PDA) or any phone that supports the wireless application protocol (WAP). In their paper, they discuss the advantages to learning groups and the "benefits gained by supporting them in mobile scenarios."
Obviously there needs to be many different kinds of collaborative support. However, for the purposes discussed here, what is missing from this work is how to gain a global perspective on what is being done and accomplished by the mobile participants. Therefore it is important to take some of the collaborative research on mobile devices and integrate it with virtual worlds, potentially in the helpful strategy of Nessie.
Analyzability
Because models of what humans and cultures are will become the silent underpinnings of our brave new world, we must develop the means by which those assumptions and biases can become known and analyzable to us.
We have already discussed that one of the most important qualities of MUVEs is that people are allowed the freedom and richness of word pictures. However, the advantage of imagination creates the equally strong disadvantage of increasing the challenges for analysis and experimentation in virtual worlds. That is, much work seeks to increase the type of applications that require high fidelity, analyzability, and traceability (e.g., what was responsible for what effect in the environment).
How then are we to analyze, understand, and control for certain critical effects when the virtual world is to large extent "in the mind's eye of the beholder?" We need cognitive studies and experiments in VWs, and analysis at least equivalent to the early days of educational technology.
The ability to create an analyzable base within the VWs is critical to its ability to be developed and scalable for into real-world-capable VWs. Such an analyzable base will allow developers to continually assess the value of new capabilities or features of the world, and with that essential feedback refine the world and continually engineer it. Such analyses are also critical to supporting psychological scalability by helping the human user gain perspective over the enormous complexity of such environments, and have the means to address questions on how capabilities are being used, the impacts of these capabilities, the causal and correlative effects of different world, agent, and object characteristics. Lastly, the ability of this last point-to have the means by which humans can understand the VW and understand its impacts means that we can provide the crucial means for humans to take responsibility for what occurs in the virtual worlds. Responsibility is the flip side of the ability to evaluate. We will determine based on the evaluation.
Need to Take Responsibility for the Content and Capabilities in Virtual Worlds
Real-world-capable virtual worlds require many things, as we have discussed. But one issue is rarely brought up both as a motivation for the challenges described below, but also as a responsibility. Although it can be annoying or harmful even if social MUDs are not well-run, as we approach these critical realworld applications, it becomes increasingly critical that we build environments that not only can support the functions we care about, but for which we as developers can take responsibility. This will increasingly become a legal requirement; it already is an ethical one. This means that we must not only be able to support the right things in a VW, we must be able to prove that we are able to support the right things.
One of the things that has long been problematic in computer-based applications is the hidden power of the programmer to determine what is the real use of content within a system. As Tuman, who is not a cyberspace enthusiast, noted quite a while ago (1992): "Truth is still above the masses, but it is now conceived, not as something rarefied or spiritual, but as a trade secret at the top of a corporate pyramid-what separates holders of 'truth' from the people below is not knowledge but institutional greed and power." Meanwhile, instead of Faustian man, committed to an endless, solitary quest for knowledge, the new age, Bolter speculates, is marked by the programmer, someone whose work at every step makes him or her aware of the physical limits of electronic time and space. The programmer, Bolter contends, does not make bold new discoveries but instead subtly manipulates finite parts within a finite world: "He remains in the confined logical universe of his machine, rearranging the elements of that universe to suit the current problem" (Bolter, 1984, p. 223) .
Again the point of bringing this type of discussion in is not to just give balance to communities who do not agree or argue against the e-world, Internet communication, and of course virtual worlds; it is to raise several critical issues:
First, who will be responsible for the material in worlds (in social MUDs it is both the owner of the database and often a user group)-who and how to evaluate it in a multi-user multi-created world?
Second, for some time now a number of us have been concerned about the hidden power given programmers in too many domains for which they do not have the knowledge. This is a problem very familiar to the modeling and simulation community, where the programmer often makes decisions for the sake of programming ease or computational efficiencies that may have profound impacts on the validity of the models involved. How in virtual worlds do we elevate this authoring responsibility. Tuman's remarks point to something that has been long discussed in the modeling community, the problem of the programmer's powerin most programmed environments, whatever knowledge and actions exist end up reflecting both for good and bad the perceptions, understandings, and knowledge of the programmer about that domain. This is why we must in fact create a very different paradigm in MUVEs.
Third, how do we bring depth and real content into an environment that encourages rapid information retrieval, rapid movement to the right place, and rapid discovery of interaction possibilities? In social MUDs, this is as simple as the power to not have to walk through spaces but to go immediately there. We want the advantage of the virtual worlds except where process-and the time it takes, the space it travels-is a meaningful part of the process. Hence in a surgical virtual world, we certainly do not want young surgeons practicing procedures by skipping to the end! The point here is that the challenges are not all computer software and hardware technical. Rather the challenges include mathematics and social sciences, and how to use these environments to create something fundamentally new-not just a shareable space, but one that is profoundly analyzable; one that helps gather the data that will be meaningful within it.
Clearly, developing the means by which we can evaluate virtual worlds is a critical and urgent need. Luckily, aside from early pioneers such as Peg Syverson and Amy Bruckman, there are increasingly more and more researchers doing so (Bouthillier & Shearer, 2003; Lau, Adams, Dew, & Leigh, 2003) .
Conclusions
Virtual worlds have enormous potential, not only in specific application domains, but in changing the way that researchers and developers are able to develop, integrate, monitor, analyze, and impact the complex system of humans and artifacts. However, in order to develop such systems, we must scale up in three very different ways: numerousness, variety, and what we are terming "psychological scalability." To do so we believe that we must 'open up the box' and integrate VWs into the real world via a variety of multi-sensory interfaces, live data feeds, telerobotics, and other effectors for performing real work from the virtual world. However, in order to scale up in these ways, we must develop VWs that have much better ways of analyzing and evaluating what has occurred within the virtual world, and much better ways of mapping the causative and co-occurring relationships among the many complex attributes of agent, world, and objects. To help develop testbeds for such VWs, we have been experimenting on both the types of experiments one can conduct within a virtual world and the necessary adaptive and flexible infrastructure for doing so. Eventually these testbeds will lead the way to Virtual Worlds that help us do real things.
